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Effect of ferrous iron on the nucleation and
growth of CaCOs in slightly basic aqueous
solutionst

Fulvio Di Lorenzo,*® Alejandro Burgos-Cara,”® Encarnacion Ruiz-Agudo,”
Christine V. Putnis®® and Manuel Prieto®

The precipitation of calcium carbonate, CaCOsz and the growth of calcite has been studied in aqueous so-
lutions containing ferrous iron (Fe?*). Two different types of bulk experiments have been carried out: nu-
cleation experiments at constant pH, following the procedure developed by Gebauer et al. (2008), revealed
the stabilisation of aragonite induced by the presence of the foreign ions at the expense of calcite and
vaterite. Growth experiments, using the constant composition method (Tomson and Nancollas, 1978),
clearly showed that calcite growth is inhibited by the presence of Fe?* and the characterisation of the re-
grown calcite crystals by HR-TEM confirmed the predictions obtained with molecular dynamics simula-
tions. Additionally, in situ atomic force microscopy (AFM) flow-through growth experiments directly
showed the distortion of the normal calcite growth spirals that lead to macroscopic inhibition of calcite
growth. Finally, thermodynamic considerations for the solid solution - aqueous solution system Ca-Fe-
CO,-H,0 are discussed that allow the modelling of geochemical processes involved in this system, such
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Introduction

As a result of the drastic increase in atmospheric CO,
recorded in the last few decades, due to anthropogenic emis-
sions (Intergovernmental Panel on Climate Changes: Assess-
ment Reports since 1990), current and future research is
aimed at understanding and attempting to mediate this in-
crease. Geological carbon storage (GCS) is a promising tech-
nology, that scientific research is focused on, as a potential
means to remediate the increasing levels of atmospheric
CO0,." Many carbon capture and storage (CCS) initiatives all
around the world are assessing the feasibility of different
technologies to obtain sustainable, permanent and safe CO,
storage.””” An overview of the different technologies available
for CCS was published by Elements® in 2008 and by Reviews
in Mineralogy and Geochemistry® in 2013. Moreover details
on the geochemical processes can be found in Geological Se-
questration of Carbon Dioxide by Luigi Marini.> After
pioneering projects based on the injection of supercritical
CO, into empty fossil fuel reservoirs, interest has been fo-
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as geological carbon storage in basaltic rocks.

cused on the concept of in situ mineralisation achieved by
injecting CO, dissolved in water into basaltic rocks.*” In this
context, a thorough knowledge of the geochemical processes
involving the formation and stability of carbonate phases is
essential, especially for calcium and iron, two of the main di-
valent cations potentially available for CO, mineralisation in
basaltic formations.®

The effects produced by numerous divalent cations on the
growth of CaCO; have attracted a significant amount of re-
search for decades, and in the last few years renewed interest
has been focused on this system due to the new insights into
the nucleation pathways of calcite and its polymorphs, pro-
vided by recent studies.”** Anhydrous CaCO; has three dif-
ferent polymorphs (vaterite, aragonite and calcite, where the
thermodynamic stability increases in the series), they have
different stabilities and the most soluble is vaterite. Vaterite
has been demonstrated to be a common intermediate during
calcite formation from aqueous solutions.'® The presence of
foreign ions often stabilises vaterite and delays its conversion
into calcite."* The life-time of vaterite crystals in contact with
water is short due to its easy conversion into a more stable
polymorph. On the contrary the transformation of aragonite
into calcite is a slow process that is mainly a function of tem-
perature, and it has been demonstrated that at temperatures
lower than 50 °C this transformation is strongly hindered."®
The system Ca-Fe-CO,-H,O has been widely studied during
the last 50 years. Rosenberg'®'’ and Goldsmith et al'®
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described the thermodynamic properties of the solid solution
between the end members calcite (CaCO;) and siderite
(FeCO3) using both synthetic and natural samples. To our
knowledge, there are no reports of natural occurrences of
pure ordered ankerite (CaFe(COs),), while disordered (Ca,Fe)
COj; has been synthesized at 845 °C and 3 gPa.'® Despite the
rarity of this system, the occurrence of ferroan-dolomite in
structured Ca(Fe,Mg)(CO;), solid solutions is quite common,
where iron partially substitutes Mg according to the formula
(Ca(Fe,Mg;-,)(CO3),, 0 < x < 0.7), demonstrating that partial
substitution between iron and magnesium plays a fundamen-
tal role in determining stability of these phases.® Ankerite
CaFe(CO3), and dolomite CaMg(COs), stability was deter-
mined using calorimetric methods by Chai and Navrotsky,"
and their study revealed that increasing the substitution of
Fe for Mg produces opposite effects on the stability of or-
dered and disordered phases: the enthalpy of formation of
disordered (Ca,Fe)CO; is more exothermic with an increase
in the Fe content (and hence more stable), while for Fe-rich
ordered ankerite it is less exothermic. The enthalpy of
disordering for ordered ankerite is known to be significantly
smaller (~10 kJ mol ") than that of ordered dolomite (~25 kJ
mol ™), which confirms the difficulty of obtaining pure
ordered Ca,Fe(COs3), in contrast with the common occurrence
of ordered dolomite."

The aqueous solution becomes supersaturated with respect
to siderite at lower concentrations than with respect to calcite as
a result of its lower solubility at 25 °C (pKypsiqa = 10.49 and
PKsp,cal = 8.30)° but precipitation is hindered for kinetic reasons
as proven by studies that investigated numerous different syn-
thetic pathways.” Despite that, ferrous iron in solution initiates
the formation of secondary phases such as oxy-, hydroxyl-iron
nanoparticles (containing Fe®*). These phases are difficult to
identify because of their short lifetime due to degradation by
atmospheric oxygen and the formation of numerous phases
where iron initially presents both oxidation states. Attempts
have been made using TEM by the EELS (electron energy loss
spectroscopy) technique to assess the oxidation state of iron
in the Fe-bearing secondary phases but exposure to atmo-
spheric conditions and an electron beam, makes true identi-
fication almost impossible.>

In this context, our experiments aimed to elucidate the
characteristics of the initial stages of formation of CaCO; in
the presence of different amounts of Fe** in slightly basic
aqueous solutions and the influence of Fe** on subsequent
CaCO; polymorphic selection. Also, a second set of experi-
ments was focused on the effect of Fe®" on calcite growth at
pH 8.5, using the constant composition method.**** Previous
studies** show the inhibitory effect of ferrous iron on calcite
growth up to pH 7.5, although the authors used the free drift
method.*® As remarked by Zhang and Nancollas®® the con-
stant composition method used here, presents several advan-
tages compared to the free drift method: (i) growth and dis-
solution can be determined more precisely, especially at low
driving forces; (ii) the experiments can be carried out in
small regions of the phase diagram avoiding side reactions;
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(iii) large amounts of material can be grown on seeds to facil-
itate characterisation and (iv) the effect of additives on reac-
tion rates can be monitored over longer periods while the
driving force remains unchanged. Moreover, the constant
composition method, as opposed to the free drift method, al-
lows changes in reactivity, due to crystal surface properties,
to be studied and the increase of the superficial area during
growth is reflected in the attenuation of pH variation during
a single experimental run.?® Finally, thermodynamic consid-
erations of the (Ca,Fe)CO; solid solution - aqueous solution
system are presented, to provide a thermodynamic perspec-
tive, fundamental to describe geological processes associated
with geological carbon storage.

Materials and methods

Materials

Analytical grade reactants (CaCl,, FeCl,-4H,0, Na,COs,
NaHCOj3;, CaCO;) from Panreac (purity > 99.9) were used to
prepare standard solutions. Synthetic CaCO; seeds were
homogenised to a maximum size @ < 66 pum. The superficial
area of the seeds was determined by N, adsorption (BET
method, A = 0.0246 + 0.0014 m> g '). Stock solutions were
prepared using double filtered ultrapure water (resistivity =
18.2 MQ). Samples were filtered through millipore filters @ <
0.4 pym under vacuum and dried with absolute ethanol
(Panreac). Liquid nitrogen was provided by Airliquide.

All the experiments with Fe** were performed using
treated water (anoxic water) in order to avoid significant oxi-
dation of Fe>". Ultrapure water was boiled for at least 30 min
under a continuous flow of nitrogen, and then rapidly cooled
with liquid nitrogen. In this way the oxygen content in the
ultrapure water could be significantly reduced.”” This anoxic
water was immediately used to prepare the stock solutions
and experiments began less than 15 minutes after the water
temperature returned to 25 °C. During the nucleation and
bulk-growth experiments (see below), gaseous nitrogen was
gently bubbled a few millimetres under the liquid-gas
boundary in the closed reactor in order to prevent the entry
of air, thus delaying the oxidation of Fe**. According to
Stumm and Lee,*® at pH values above 8 the limiting step for
Fe®" oxidation is the supply and diffusion of oxygen.

Nucleation experiments

Nucleation experiments (ESLj Fig. S1) were performed by
adding a constant flux (8 uL s™') of a 10 mM CaCl, solution
to a 100 mL mixture of sodium carbonate and sodium bicar-
bonate (20 mM) (Table 1), kept at 25 °C and stirred using
magnetic stirrers. The pH was fixed at 9 during the whole ex-
periment by the addition of NaOH (0.1 M) to compensate for
the acidification induced by the precipitation of calcium car-
bonate (see reactions (1) and (2)). Different Cay/Fer ratios
(10, 5, 2.5, 1.25 and 0.625) were used. The conductivity of the
reaction media was continuously monitored using a conduc-
tivity probe (Metrohm), the concentration of free calcium
[Ca®'] was constantly measured through a specific ISE (ion
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Table 1 Composition of solutions used in nucleation experiments

(CaT ] [ Fe, ] {Caz*} {Ca“} + {Fe“} SI = loa| JAP

Fer ) \Car ), { {Fe™| {co} Ky )

Reactor Reactant 1 Reactant 2 NaOH ppt ppt Phases
(mmol K') (mmolK')  (mmol K Cal|Arg|Vtr (XRD)
cV20 Cap 10, Fer 0 100 © 0 o 0.3251 1.66]1.51|1.09 Cal, Vtr
cV 2o Car 10, Fer1 100 10 0.1 63.86 0.4086 1.73|1.59|1.16 Cal, Vtr, FeO,
cV 20 Car 10, Fer 2 100 5 0.2 31.84 0.4255 1.73|1.59|1.17 Arg, FeO,
cV 20 Car 10, Fer4 100 2.5 0.4 15.72 0.4786 1.75|1.61|1.19 Arg, FeO,
cV 2o Car 10, Fer 8 100 1.25 0.8 7.37 0.9044 1.89|1.75|1.33 Arg, FeO,
cV 20 Car 10, Fer 12 100 0.625 1.6 2.82 3.72 2.02[1.88]1.45 Arg, FeO,

Ca = [CaCl,]; CV = [NaHCO;] + [Na,CO;]; Fe = [FeCl,-4H,0]; Cal = calcite; Vtr = vaterite; Arg = aragonite; FeO, = iron oxy-hydroxyl nanoparticles.
Car and Fer are the initial total concentrations [mmol kg™]. {Ca®>*}, {Fe*"} and {CO;>} are the activities calculated with Phreeqc.>® The subscript
“in” refers to the initial solution while the subscript “ppt” refers to the solution composition at the moment when free [Ca*'] started decreas-

ing.

selective electrode, Mettler Toledo) and transmittance was
monitored with an optrode sensor for titration at a wave-
length of 610 nm (Metrohm). Additionally the added volume
of base and calcium chloride were constantly recorded.

Solid products were characterised by powder X-ray diffrac-
tion (XRD, Philips, PANalytical X'pert Pro), field-emission
scanning electron microscopy (FESEM, Auriga FIB-FESEM),
transmission electron microscopy and electron diffraction
(TEM-SAED, FEI TITAN G2). The composition of the crystals
was analysed by energy-dispersive X-ray spectroscopy (EDX)
coupled to FESEM (Oxford instruments), electron energy loss
spectroscopy in TEM (EELS), and electron micro-probe analy-
sis (EMPA) (Cameca, SX100). The composition of solutions
was determined by inductively coupled plasma mass spectro-
metry (ICP-MS, Thermo Scientific, Element II). Activity coeffi-
cients, supersaturation, speciation and other properties of
the solutions were calculated with Phreeqc version 3.1.7.
using the phreeqc.dat database.>

Growth experiments

Growth experiments (ESL7 Fig. S2) were carried out according
to the constant composition method.>>***° 100 mL of a
supersaturated solution with respect to calcium carbonate (22
= 6.46, SI = 0.81 with respect to calcite) was placed in a
jacketed reactor with a magnetic stirrer and kept at 25 °C.
The experiment started with the addition of 50 mg of syn-
thetic calcite seeds initiating an immediate decrease in pH
due to calcite growth according to reactions (1) and (2).

Cca’" + CO,*” — CaCoO;! (1)

HCO;™ — CO;> +H" (2)

The pH was maintained constant at 8.5 by the addition of
two titrants (ESI;f Table S1). Each titrant concentration was
specifically calculated in order to raise the pH by a sodium

carbonate/bicarbonate mixture (reactant 1, pH = 9) and in or-
der to provide the right amount of CaCl, (reactant 2) to keep

This journal is © The Royal Society of Chemistry 2017

the supersaturation with respect to calcite constant. Both re-
actants were added automatically by the titration system from
Metrohm (Titrando 905) and the software Tiamo (ver. 2.5,
Metrohm). The curve described by pH value vs. time oscil-
lated due to instrumental delay between pH recording and re-
actant addition as a response to pH threshold. Experiments
ended when the superficial area of the growing crystals was
too large (the superficial area is directly proportional to the
growth rate, see eqn (5)) to allow pH to be kept constant, also
increasing reactant addition to the maximum rate.

The calcite crystals were collected after the experiments,
filtered and dried. Characterisation was done by powder
X-ray diffraction using an aluminium holder. Crystals were
also characterised by HRTEM and EMPA.

Additionally, the effect of aqueous Fe®" on calcite spiral
growth was directly observed by in situ atomic force micros-
copy (AFM, Bruker), using a fluid cell for a continuous solu-
tion flow.** Slightly supersaturated solutions (ESL} Table S2)
with different proportions of Cay/Fer, were injected over
freshly cleaved {1014} natural calcite surfaces®” (Iceland spar,
Chihuahua, Mexico).

Experiments were focused on the observation of calcite
spiral growth, as this type of growth allows for accurate and
individual measurements of the step advancement rate of
non-equivalent steps formed on calcite cleavage surfaces.****
To favour calcite spiral growth or hillock formation, solution
compositions were optimized for a saturation index value of
0.77 and an activity ratio, {Ca*"}/{C0O;>?}, of 1.3*

Results

Characterisation of iron precipitates

During the experiments, the system was supersaturated with
respect to siderite and numerous iron oxides (e.g. hematite,
wustite, goethite, lepidocrocite, magnetite, maghemite,
calcium-ferrite and dicalcium-ferrite). Despite that, in our ex-
periments we never observed precipitation of pure siderite,
although other Fe-bearing phases were detected. Basic water
solutions are highly oxidising in contact with air, but Fe*" is
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partially preserved by the formation of complexes and colloi-
dal phases. The literature often refers to these phases as iron
oxy-hydroxide flocculants due to their high variability in
structure, short lifetime and rapid phase transitions, revealed
by the changes in the colour of the precipitating solution
seen with time.*® This imposes technical limitations for the
characterisation of Fe-bearing phases formed in the experi-
ments. Complex formation®® slows down the oxidation of
Fe’* and their formation was revealed by colour changes ob-
served in the solution prior to any nucleation detectable by
the other simultaneous measurements.

EELS analysis on the solid from a nucleation experiment
(ESLi Fig. S3, Cay/Fer = 5) revealed a 4:1 proportion of Fe*'/
Fe’" in a hexagonal shaped secondary phase, after three days
of ageing in the dry state at 25 °C. The hexagonal shape,
Fe?*/Fe** ratio and XRD reflections found for this precipitate,
and for the other Fe-bearing experiments (ESL} Fig. S4, sam-
ple from a nucleation experiment with Cay/Fer = 2.5),
suggested that it is most likely green rust (Fe",Fe',(OH),,-
(CO;), PDF number #46-0098). The most intense reflections
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of green rust ((003) and (006), d-spacing = 7.53 A and 3.76 A)
were clearly observed in the diffraction pattern of the final
solid product of the experiments.

For the nucleation experiments with high iron content
(Cay/Fer = 1.25 and 0.625) the colour of the solution became
intensely green during every experimental run. After filtration
the solids changed from dark green to light brown (within
the first hour) ending with a dark brown colour after some
hours. Unfortunately, XRD diffraction with the PDF-2 data-
base did not permit unambiguous identification of the low
intensity reflections (ESLj Fig. S4, Nas;FeO, is hypothesised).
These most likely belong to the iron oxy-hydroxide nano-
particles that were observed by FESEM-EDX, EMPA and TEM.
Their small average size did not allow their composition to
be accurately determined, and electron diffraction showed a
low-crystallinity.

The detection of green rust, some days after the experi-
ments, with its high Fe** content demonstrated the effective-
ness of the experimental setup to reduce Fe>* oxidation and
guaranteed that the effects attributed to Fe*" and its aqueous
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Fig. 1 a) Evolution of added calcium and measured free calcium showing evidence of ion pairing and/or clustering phenomena during the pre-
nucleation regime. b) Influence of the amount of iron on the measured free calcium concentration during nucleation of CaCOs. c) Evolution of the
conductivity of the precipitating solution during nucleation experiments; the reduction seen at a certain point is consistent with a reduction in the
total electrolyte concentration in solution related to CaCOs solid nucleation. d) The amount of NaOH added to keep the pH at 9 during nucleation
experiments. A significant increase is seen with the increasing amount of Fe?* in the reaction solution.

450 | CrysttngComm, 2017, 19, 447-460

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6ce02290a

Published on 09 December 2016. Downloaded by Universidad de Granada on 19/01/2017 12:23:12.

CrystEngComm

species would not be affected by significant amounts of Fe**
due to the experimental setup and short experiment dura-
tion. Finally, previous work reporting calcite growth inhibi-
tion by iron at a lower pH (ref. 24) suggests that the effect of
Fe' is similar to that seen here for Fe?" but weaker, thus
guaranteeing that the eventual oxidation could underesti-
mate, but never overestimate, the observed inhibitory effect
(see below).

Nucleation experiments

Nucleation experiments (Fig. 1) show a significant influence
of ferrous iron on the pre-nucleation regime during calcium
carbonate precipitation. Many other divalent cations such as
Mg>, Ba>*, Mn*", Sr**, Ni**, Co** etc. are well known to play
a key role in controlling the reaction pathway and polymor-
phic relations in the system Ca-H,0-CO,.***° Fig. 1a repre-
sents calcium measurements in an experimental run without
Fe’*. Before precipitation, the amount (mmol kg™) of total
calcium added to the reactor, Car, significantly differs from
the free calcium [Ca*>'] measured by the ISE probe. This is re-
lated to ion pairing and clustering phenomena in the pre-
nucleation regime as stated by Gebauer et al.”° When iron was
added to the reaction vessel together with calcium, an analo-
gous trend was observed. The fact that the slope of the linear
part of the Ca-development curve in the pre-nucleation re-
gime is not affected by the presence of ferrous iron suggests
that iron does not have an influence on the formation of
[Ca®"]-[CO;”] pairs and/or pre-nucleation clusters. The nucle-
ation experiments performed are characterised by a direct
correlation between the elapsed time (proportional to added
[Ca®'] because calcium is added at a fixed rate) and the actual
supersaturation of the aqueous solution with respect to the
different CaCO; polymorphs. The [CO;>7] concentration re-
mains approximately constant until nucleation occurred,
because HCO;™ is the most abundant carbon species in solu-
tion and the automatic NaOH addition to fix the pH at 9 im-
plies that [CO* /[HCO;] = kas carbonicacia/PH = 4.5 x 107
should remain more or less constant until pH varies. This
means that the actual supersaturation with respect to the dif-
ferent CaCO; polymorphs could be estimated during the
whole pre-nucleation step by simply looking at the actual free
calcium recorded by ISE.

Nevertheless, the systematic addition of ferrous iron to
this nucleation process (Fig. 1b) showed that the higher the
Fe’* concentration, the greater the measured free calcium
concentration [Ca®'] at the onset of nucleation, implying
higher supersaturation values with respect to CaCO; before
nucleation occurred (Table 1). A similar effect could be also
observed in the conductivity profiles (Fig. 1c) and in the
added amount of NaOH (Fig. 1d). At the highest Fe*" concen-
tration tested, a particularly strong inhibition of CaCO; pre-
cipitation was found, evidenced by longer nucleation times
and higher measured free calcium concentrations (~1 mM)
at the onset of nucleation than in the control runs (i.e. no
Fe”" in the reaction medium).

This journal is © The Royal Society of Chemistry 2017
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The analysis by XRD of the main crystalline products
formed in nucleation experiments confirmed that ferrous
iron also influences CaCO; polymorph selection. For the con-
trol experiments (no iron) a mixture of calcite and vaterite
was found, and analogously the experiments with Cay/Fer =
10 showed the same final products. When the Fe** concentra-
tion was increased (Car/Fer < 5), aragonite became the most
abundant phase (Table 1). FESEM observations (Fig. 2) con-
firmed that for the experiments with a Cay/Fer = 10 a mixture
of vaterite and calcite was present in the precipitate. EDX
and EMPA semi-quantitative analyses were performed on dif-
ferent crystals belonging to the same sample from a Cay/Fer
= 10 experiment. The EDX results are only used to estimate
the ratio Ca/Fe in the crystals (repeated measurements at dif-
ferent points, to minimize the distortion induced by the an-
isotropic structure of the crystal, showed an error about 10%)
and not the unit formula established conforming to XRD
phase identification. The amount of iron calculated for the
calcite precipitates (Xge cal = 0.02) was significantly lower than
for vaterite (Xgeyir = 0.09). The smallest Ca/Fe ratio was found
in aragonite (Xpearg = 0.18), but in this case a quantitative
comparison was impossible because aragonite occurred only
by doubling the maximum amount of iron allowed to precipi-
tate calcite. It should be noticed that the doubling of the ini-
tial Fe*" produced about one order of magnitude change in
the mole fraction of the crystals confirming the greater ability
of aragonite to host or incorporate iron in comparison with
its rhombohedral polymorph, calcite.

Growth experiments

The experiments performed according to the constant com-
position method (ESLj Table S1) revealed that the presence
of iron in the growth solutions significantly slowed down the
growth of calcite, delaying the onset of the pH drop at which
the addition of the titration solutions could not maintain the
pH of the system constant (Fig. 3). This clearly shows the in-
hibitory effect of iron on calcite growth.

Unfortunately, experiments with Car/Fer < 25 followed a
different trend because the inhibitory effect was too strong
and calcite did not grow under these experimental
conditions.

The AFM in situ growth experiments revealed a distortion
of the normal rhombohedral spiral geometry due to the pres-
ence of iron (Fig. 4, also a multimedia file showing an experi-
mental run is available).

The effect was particularly clear on the acute step where
the straight steps, typically seen during pure calcite growth,
were replaced by pinned steps according to the Cabrera and
Vermilyea impurity incorporation model.'®*" The shortening
of the average step length, caused by Fe>" adsorption at the
step edges, slows the advancement of steps resulting in
macroscopic inhibition of growth. Studies at the nanoscale
on calcite growth and dissolution’® demonstrated that step
spreading rates are different for acute and obtuse steps, with
the obtuse step spreading rate higher than the acute step

CrysttngComm, 2017, 19, 447-460 | 451
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Fig. 2 FESEM secondary electron images and EDX analysis of the three polymorphs of CaCO detected during the nucleation experiments. Calcite
(a) and vaterite (b) came from the same experimental run of Cat/Fet = 10 while aragonite (c) came from a Cat/Fer = 5 experiment.
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Fig. 3 a) pH vs. time plot recorded during an experimental run without iron. The inset represents the added volume of reactant 1 vs. time, the
“stair” shape clearly marks the intermittent addition of the reactants during the initial cycles. b) The pH plots of experiments with different
amounts of ferrous iron, showing the inhibitory effect on calcite growth induced by Fe?*. For Car/Fer = 25 the growth inhibition was so
pronounced that not even a single cycle was completed under these experimental conditions.

during both dissolution and growth.*> We observed a geomet-
rical distortion that occurs firstly on acute steps, while obtuse
step geometry was not initially affected (Fig. 4). Less accessi-
ble sites continued growing, forming another spiral and
confirming the key importance of experimental site selection
(the lower left corner of Fig. 4).

Discussion
Nucleation experiments

In order to calculate the influence of ferrous iron on solution
speciation in the Ca-H,0-CO, system, we calculated the
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moles of bound calcium (n[Ca* |youna, Fig. 5a) as the differ-
ence between the moles of calcium added to the reactor
(nCay) and the free calcium measured (n[Ca®*]) using the ISE
electrode.’
n[Ca* Tpouna = nCar — n[Ca>"] (3)
By directly comparing experiments with and without Fe**
the slope of the calcium bound versus time plot was not found
to be influenced by Fe** in the pre-nucleation stage even for
Car/Fer < 1 (Fig. 1b). This excludes the possibility that any in-
hibitory effect of Fe** on CaCO; nucleation found in our
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Fig. 4 AFM deflection images obtained working in contact mode, showing the geometrical distortion induced by the presence of Fe?* on calcite growth
spirals or hillocks. The left image shows the typical shape of a calcite hillock developed in pure (i.e. Fe-free) growth solution, grown by the interaction of a
supersaturated aqueous solution with a {1014} calcite surface. Acute (—) and obtuse (++) steps are highlighted. The right image was recorded on the
same hillock after 10 minutes of interaction with a supersaturated aqueous growth solution also containing ferrous iron (Cat/Fer = 12.5, ESI{ Table S2).

experiments could be attributed to an alteration of the dynam-
ics of the equilibrium of pre-nucleation species in solution.

Initially, the concentration of [CO;>7] was the same in all
experiments. As soon as free CO;> is consumed by the inter-
action with calcium (forming ion pairs and/or clusters), the
ratio [CO;>7]/[HCO; | changed and the pH decreased. The set
up used in our experiments allowed online addition of NaOH
that converted the excess of bicarbonate to re-equilibrate the
carbonate to bicarbonate ratio in order to maintain the solu-
tion at pH = 9. The higher the Fe*" in solution the higher the
possible stabilization of pre-nucleation clusters containing
both ions (Ca** and Fe*"). Furthermore, the formation of ion
pairs between Fe**/Fe’" species and CO;*” may also result in
the acidification of the system because of the equilibrium al-
ready explained (see also eqn (2)). This may explain the
higher amounts of added NaOH necessary to maintain the
pH constant.

For the control experiments without iron, the moles of car-
bonate bound (7[CO3> Jyouna) (Fig. 5b) due to the formation
of ion-pairs and clusters between Ca®>" and CO;>", can be cal-
culated by equilibrium relations in the H,0-CO, system and
by the amount of base (Fig. 1d) used as titrant to keep the
pH constant according to the equation:’

n[CO3* Jpound = ([NaOH]-Vya0m+0.9572) (4)

where [NaOH] is the concentration of base [mol L], Vyaon is
the volume of base added [L] and 0.9572 is a parameter func-
tion of pH and dissociation constants of carbonic acid.’

For a fixed time during the pre-nucleation step (600 sec-
onds), it was possible to correlate the increase of NaOH nec-

This journal is © The Royal Society of Chemistry 2017

essary to achieve pH = 9 to the effects induced by different
amounts of ferrous iron (Fig. 5c). The prerequisite step
needed an offset of the values for 7[CO5;> Jpouna in the post-
nucleation stage, which should be matched with the values
obtained for n[Ca*Jpouna (1:1 relationship) in the experi-
ments without iron:° the assumption is that, in the post-
nucleation region, all the added OH™ compensates for CO;>"
consumption as CaCO; building units. The water chemistry
of iron is significantly different to that of calcium due to its
higher hydration energy, the formation of stable hydrated
phases, its stronger Lewis acidity and the coexistence of dif-
ferent oxidation states. For all these reasons, an exact correla-
tion between the excess of NaOH added and the formation of
[Fe**][CO5>7] is not possible. Our attempts clearly showed that
the excess of NaOH added was considerably higher than the
Fer present in the system (almost twice, Fig. 5¢), confirming
the impossibility to directly correlate the surplus of OH,
added in presence of Fe**, with clustering phenomena be-
tween [Fe®'] and [CO;>] due to the significant presence of
[HCO;], [OH] and [CI7]. The formation of Fe>* complexes
and ionic pairs during the experiments with higher iron con-
centrations could be inferred by the observed colour changes
of the solution during the pre-nucleation step. The colour
transition (colourless to green) was observed prior to any vari-
ation in the monitored parameters (except for the visible
light transmittance of the solution).

The increase in the amount of NaOH added, associated
with the presence of Fe** in solution, could not be explained
by the pH adjustment or by the formation of the Fe-bearing
aqueous species included in Phreeqc (PHREEQC.DAT data-
base). This software predicted the free [Fe®] to be the major
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Fig. 5 a) Comparison between the moles of bound calcium during
experiments with and without iron, the initial pre-nucleation segment
is analogous in all experiments. b) The presence of iron induces a sig-
nificant increase of NaOH required to maintain the pH at 9, propor-
tional to its concentration. c) Bound species after 600 seconds (pre-
nucleation part) showing the effect of the different Cat/Fer ratio stud-
ied: the amount of COs?™ bound is proportional to the Feror present in
the system. The observation that this increment of CO3%>" bound in-
duced by Fe?* is greater than the molarity of Feror suggests that pos-
sibly the association between Fe?* and monovalent anions such as Cl",
OH™ and HCO3™ could play a role more important than predicted by
models with Phreeqc (PHREEQC.DAT database).
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species, or at least similar to the second most abundant
[Fe*"][CO;>7]. However our experiments (Fig. 5¢), showed that
the OH added doubles Fer, suggesting that the formation of
[Fe**[OH ], could be more important than predicted by
models. A lower availability of Fe**, due to [Fe*"]JOH ], spe-
cies, could also contribute to the observation that the forma-
tion of siderite was never detected despite the higher super-
saturation of the system compared to calcite (for example,
after 600 seconds, for a Cap/Fer = 10, Qcacite = 30.9 while
Qsiderite = 123)'

Growth experiments

The growth rate of calcite (R [mol s™* m?]), normalized by
the surface area of the seeds (A [m?]), is often related to
supersaturation (€2) by the empirical equation:**

R=kxAx(Q-1)" (5)

where k and n are the rate constant and the rate order, re-
spectively, fitting parameters. The volume of CaCl, added
during the experiments was used to calculate the mass incre-
ment produced by crystal growth of calcite. The mass varia-
tion with respect to time, normalized with respect to the sur-
face area (measured by N, adsorption and the BET equation),
corresponded to the measured growth rate.

The first segment of the added volume of titrants (inset
Fig. 3a) was fitted linearly to eqn (5) and the value of k was
calculated under the assumption that the presence of iron
does not affect the reaction order (n = 2). Rate changes dur-
ing the whole experiment have been attributed by previous
studies to the increase in surface area of the growing crys-
tals.>* The growth rate calculated in this way showed a signif-
icant decrease (knoiron = 2-(8) X 107%; kcarper=100 = 6.(8) X
107%; kcarper=so = 8.(2) x 107°% [mol s7*]) with small amounts
of iron (25 < Cay/Fer < 100). For ratios (Cay/Fer < 25) it was
impossible to determine a reliable value for the growth rate
because the reaction resulted in a pH increase, unexpectedly
according to previous considerations on calcite growth, possi-
bly due to Fe-bearing secondary phase formation.

This inhibitory effect of ferrous ion was further studied in
situ at the nanoscale within a fluid-cell of an AFM. These ex-
periments revealed a strong distortion of the acute step dur-
ing spiral calcite growth (Fig. 4). Previous work has investi-
gated the effect of divalent cations on calcite growth by
experimental, in situ techniques (especially Mg>*)*»** and by
computational studies.”> These studies have shown that the
extent of impurity incorporation during calcite growth de-
pends on the enthalpies of the reactions, the reduction of
elastic strain and the relative strength of the water—cation
interaction at the growing surface. By analogy with magne-
sium, the inhibition is significant due to the small atomic ra-
dius (rge>- = 0.78),%° that easily allows the ion to be absorbed
onto the small cavity (78°) of the acute step. Computational
studies using molecular dynamic simulations®>*’ revealed
that several impurities (Fe**, Mg>", Cd*>* and sr*') are
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preferentially incorporated at kink sites due to the favourable
enthalpy and entropy of reaction.*® The formation of an
impurity-rich layer on the calcite surface induces a decrease
of the thermodynamic driving force for growth (the process
becomes endothermic) and, as a consequence, the growth
rate decreases.

Our TEM characterisation of calcite crystals grown from
Fe-bearing aqueous solutions (Fig. 6) experimentally demon-
strates the results predicted by force-field simulations.
Electron diffraction patterns allowed measurement of the
d-spacing in the new layers re-grown in the presence of Fe".
Comparing the d-spacing for pure calcite and siderite (and
assuming a linear variation of the d-spacing as a function of
composition, “Vegard law”), it becomes evident that the in-
corporation of iron in the calcite structure induces a strong
distortion of the lattice parameters. The theoretical amount
of ferrous ion needed to induce a similar variation is ex-
tremely high (Fe®* > 35%); however, the Cay/Fer ratio in the
growing solution was equal to 50 for this sample. This is a
further confirmation of the reliability of molecular dynamics
simulations in the system Ca-Fe-CO,-H,O.

According to the step pinning model*" the absorption of
strongly hydrated impurities on the step edges hinders step
advancement, and the entry into the “dead zone” inhibits
growth.'”** The incorporation of growing units into the crys-
tal structure is a complex process composed of different
steps;** each step is a reversible process characterised by an
intrinsic activation energy. The first step needed to trigger
the growth process is the absorption of cations onto the crys-
tal surface.

From the point of view of the cation, this process implies
the formation of a coordinate bond with the crystal surface,
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the loss of freedom degree and the alteration of the hydration
shell. Thereafter, the absorbed cation is still partially hy-
drated and the hydration shell continues losing H,O mole-
cules until its coordination is fully replaced by crystal units
and the bonds evolve to equilibrium values for the specific
crystal structure.

As soon as CaCO; units are substituted by FeCOj;, the
resulting distorted lattice geometry does not allow Ca”" to fit
into the cation site. The geometrical constraint induced by
iron incorporation makes calcite unable to grow normally (by
addition of CaCOj; building units) and the hydration of iron
inhibits the propagation of growth by addition of FeCOj;
units. The combination of these two processes: lack of fitting
of calcium ions and slow kinetics of dehydration of Fe>" re-
sults in calcite growth inhibition via a surface passivation
process. TEM measurements of our samples confirmed that
the outer layers of calcite crystals host iron not only by ab-
sorption but incorporated into the crystal lattice as confirmed
by the strong variation of d-spacing for reflections associated
with the [110] and [116] crystallographic directions.

Ion partitioning in the system Ca-Fe-H,0-CO,

From a thermodynamic point of view, the distribution of iron
between calcite and aqueous solution can be seen as an ex-
change reaction, such as:

CaCO; + Fe** — FeCO; + Ca** (6)
The solid solution (Ca,Fe)COj; is not complete and a num-

ber of works report a wide miscibility gap also at high tem-
peratures (T > 300 ° C)."*'®% To our knowledge, no

Fig. 6 Left column: HAADF compositional maps of calcium and iron, measured on a calcite crystal after a growth experiment (Cat/Fer = 50).
Middle column: Top, the elemental composition profile demonstrating iron incorporation. Bottom: electronic diffraction pattern, which allows
estimation of the lattice distortion produced by iron incorporation into the calcite structure. Right column: a high-resolution image emphasizing
the existence of ordered domains and looking inside indicates the possibility to identify the observed surface as {110}: the observed d-spacing is
significantly smaller than pure calcite confirming the incorporation of ferrous iron.

This journal is © The Royal Society of Chemistry 2017
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attempts have been made to describe at 25 °C the non-
ideality of this system by calculating the sub-regular
Guggenheim parameters®”®! and to describe the thermody-
namic ion partitioning. Previous works also support the deri-
vation of mixing parameters from miscibility gap data with
the lack of direct measurements.”">

The miscibility gap values reported between 300-550 °C
by Rosenberg’® (Xpeco,(1) = 0.04; Xgeco,(2) = 0.93) show
asymmetry with respect to the end members; each side of
the miscibility gap has been fitted with an exponential
function to extrapolate the gap limits at 25 °C (Xpeco,(1) =
0.021; Xgeco,(2) = 0.931). In order to obtain a more accu-
rate approximation, values from Glynn®*> were also consid-
ered for the calcite-rich side, while for the siderite-rich
side they were not considered due to the strong deviation
with respect to Rosenberg and Goldsmith's values.'*™® To
describe the properties of this system we use a sub-
regular solid solution model (dimensionless Guggenheim
parameters: @; = 0, i = 0, 1; @; = 0, j > 2).>*° At the
miscibility gap boundaries, the chemical potentials of each
solid component (gpeco, Hcaco,) are expressed by eqn (7)
and (8):

ﬂFeCOJ(XFeCOJ(l)) = ﬂFeCOl(XFeCOS(Z)) (7)

ﬂCaCO3(XFeCO3(1)) = ﬂCaCOS(XFeCO3(2)) (8)

where the chemical potential of a non-ideal solid component
in a mixture is defined as (M = Ca, Fe):

Hnico, = Guvco, T RTIn ayico, 9)

Considering that, for a non-ideal solid component, the ac-
tivity is the product of the activity coefficient (y) and the mole
fraction (X), eqn (9) can be rewritten as follow:

Jimco, = Gumco, + RTIn pyco, + RTIN Xyyco, (10)

The most frequently used function to calculate the activ-
ity coefficients in solid solutions as a function of solid com-
position, is the Redlich and Kister expansion (1948):>°

Inygeco, = Xcaco,” X [@o + 1(3Xreco, ~ Xcaco,)] (11)
Inycaco, = Xreco,” X [@o + @1(3Xcaco, ~ Xreco,)] (12)

Substituting these equations into the expressions of the
chemical potentials and remembering that the miscibility
gap boundaries (eqn (7) and (8)) should be verified, we calcu-
late the Guggenheim parameters (@, and @) by finding the
two roots of the system constituted by eqn (7) and (8). Follow-
ing this procedure, we obtain a, = 3.461 and a; = -0.551, at
25 °C.

The partition of ions is commonly expressed in terms of
the distribution coefficient (De/cay) and considering the
aqueous activities, {M>"}:
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Dy, :XFCCOJ/{FCZJ'} (13)

{a} XCaCO; {Caz+}

At equilibrium, the distribution coefficient is a function of
the ratio between the solubility products of the end-members
and, for non-ideal systems, it is also a function of the ratio
between activity coefficients:

D _ Koo, X Veaco,

= (14)
{g}’“‘ Keco, X Vreco,

Solubility products and activity coefficients allow the
plotting of the equilibrium distribution coefficient (2.8 <
Dirocajeq < 2877) as a function of the solid composition
(Fig. 7a). A useful description of the system is obtained with
a Roozeboom diagram (Fig. 7b) where the aqueous activity
fraction of Fe** (Xge,aq) is plotted against the mole fraction of
FeCOj; in the solid solution.

The Roozeboom curve clearly shows that an aqueous solu-
tion supersaturated with respect to (Ca,Fe)CO; evolves
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Fig. 7 a) Equilibrium distribution coefficient versus solid composition
(in this case the x-axis is labelled Xreco, to describe the mole fraction
of FeCOs in both orthorhombic and rhombohedral solid solutions). b)
Roozeboom diagram for calcite-siderite solid solution.
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towards the equilibrium by precipitating an iron-rich solid
and hence resulting in a larger {Ca}/{Fe} ratio in the aqueous
phase. This behaviour was experimentally confirmed by ICP-
MS measurement. Growth and nucleation experiments always
revealed a strong increase in the Ca/Fe ratios after precipita-
tion occurred. Unfortunately, in Fe-bearing systems, the for-
mation of secondary phases makes it difficult to obtain quan-
titative information.

Moreover, previous work®>’” has shown that the determi-
nation of equilibrium distribution coefficients from the com-
positions of liquid and solid phases during precipitation ex-
periments is difficult because the initial supersaturation
leads to “effective” distribution coefficients of ions rather
than equilibrium values (i.e. the Roozeboom curve appears to
be closer to the stoichiometric distribution value, a straight
line coincident with the diagonal, as a consequence of a
higher initial supersaturation). The effective ion distribution
coefficients are a function of the initial supersaturation, due
to kinetic and statistical reasons.””

The considerations above only refer to the solid solution
between the end members, calcite and siderite. Both minerals
occur naturally and like many carbonates they have a rhombo-
hedral unit cell and are isostructural. To our knowledge, no
analogues, natural or synthetic, for the polymorphs of CaCO;
aragonite and vaterite have been reported for FeCO;.

Modelling the incorporation of iron into aragonite requires
estimating the free energy of formation of a hypothetical FeCO;
with the aragonite-type structure. For this purpose, a powerful
tool is the linear free energy relationship for crystalline solids
and aqueous ions derived by Sverjensky and Molling (1992).>®
This relationship correlates the standard Gibbs free energy of
formation of an isostructural family of crystalline solids with
those of aqueous cations with the same charge. From their cal-
culations, the estimated standard Gibbs free energy of forma-
tion for FeCO; with the aragonite structure is

{e]
AG(.FCCOS_,,

and the corresponding solubility product is pKgeco,,, = 11.27.
The distribution coefficient of an ideal solid solution between
aragonite and FeCO; with the aragonite structure is:

Fe -

K
D{ = =1420.2 (15)

Similarly, the ideal distribution coefficient between the
rhombohedral phases, Dige/caycal,id, gives a value of 156.7. We
observed that the orthorhombic system shows an enhanced
preferential partitioning due to lower solubility of FeCO;.,,
compared with siderite. The possibility to describe the non-
ideality of the aragonite type (Ca,Fe)COj3, under the hypothe-
sis of a miscibility gap analogous to the rhombohedral phase,
does not seem feasible due to the high iron content that we
detected in the precipitated aragonite crystals (Fig. 2).
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Conclusions

The data presented in this work describes the effects of Fe**
on CaCO; nucleation and growth. Firstly, our experiments re-
vealed the role played by ferrous iron on the polymorphic se-
lection in the CaCO; system. Aragonite stabilisation induced
by Fe*" incorporation has important potential consequences
for geological carbon storage in basalt, given that basaltic
rocks have a high iron content. Magnesium is another cation
that, despite its small atomic radius, tends to favour the pre-
cipitation of aragonite. Although calcite is the thermodynami-
cally stable phase, the interaction between basalt and CO,
dissolved in water would potentially lead to the formation of
orthorhombic minerals. This has to be considered when de-
veloping geological carbon storage approaches because it is
generally assumed that thermodynamic stable phases will be
generated by in situ reactions converting basaltic rocks into
carbonates.

The amount of ferrous iron was shown to play a key role
in determining the induction time and the maximum free
calcium, [Ca®>'], measured during each nucleation experi-
ment. For the Ca/Fer ratios used in this work, the presence
of iron does not significantly affect ion pairing and/or any
clustering phenomena in the Ca-CO,-H,O system. Our exper-
iments also suggest that the transient stabilisation of aque-
ous species, according to the dramatic increase in [Ca®*]pax
before nucleation was able to occur, even under the same
conditions of clustering and ion-pairing, is higher when Fe>*
was present. According to the direct relation between
[Ca®|max and the actual supersaturation and assuming that
the formation mechanism of CaCOj, also in the presence of
Fe”* follows the non-classical pathway,”'®"* then cluster for-
mation responds to a stabilisation needed by the aqueous
medium in the presence of high ionic concentrations. By in-
creasing the amount of Feror present in the system, possible
CaCOj; clusters, formed during the pre-nucleation stage, did
not produce a nucleation event under the same conditions of
supersaturation able to induce the nucleation in the absence
of Fe**, and a higher supersaturation value was required in
the presence of Fe*". Under these conditions, the unstable in-
termediates initially produced, probably amorphous,*® could
have evolved preferentially via the orthorhombic ordering of
aragonite instead of the typical rhombohedral structure of
calcite.

Growth experiments, both at the macroscopic scale and
the nanoscale, clarified and quantified the inhibitory effect
induced by ferrous iron on calcite growth. In situ AFM obser-
vations revealed that the mechanism for such inhibition can
be explained by the step pinning model*! resulting in a short-
ening of the average step length and subsequent distortion of
normal spiral growth. This hypothesis agrees with previous
work on ion incorporation into calcite.""**

Using Transmission Electron Microscopy techniques we
were able to measure a strong distortion of the lattice param-
eters in the outer layers of calcite crystals re-grown in Fe'
bearing aqueous solutions. This confirms predictions made
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by molecular dynamic simulations*> and the impurity incor-
poration model.'® When a few atomic layers grow preferen-
tially incorporating foreign ions, because it is a more exother-
mic reaction, this preferential incorporation leads to a
strained lattice where calcium ions no longer fit. Overall, our
results have important implications for ankerite and ferroan-
dolomite formation problems, because they reveal the
inhibiting effects associated with the different stages of
CaCOj; nucleation and growth in the presence of ferrous iron.

Finally the partition coefficients for the system Ca-Fe-
H,0-CO, were calculated. The solid solution between calcite
and siderite, (Ca,Fe)CO3 rhomboedra, Was analysed with the as-
sumption of a sub-regular model (a, = 3.46, a; = -0.55).
According to the large solubility differences between the end
members (K../Ksiq = 156.7), the distribution coefficient calcu-
lated as a function of solid composition results in values be-
tween 2.8 and 3.5 for Ca-rich solids outside the miscibility
gap (Xge < 0.02). Using the linear free energy equation for
aqueous ions and crystalline solids,’® it was possible to esti-
mate the ideal distribution coefficient for the solid solution
(Ca,Fe)CO; orthorhombic- A comparison between the calculated
value for aragonite-type and calcite-type (Ca,Fe)CO; lattices
shows how the ideal distribution coefficient was about one
order of magnitude larger in the orthorhombic solid solution
than in the rhombohedral one. According to this model, the
amount of iron in precipitated aragonite crystals should be
larger than in calcite, and this has been confirmed experi-
mentally in this work.
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